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“Schizotypy” is a latent organization of personality related to the genetic risk for
schizophrenia. Some evidence suggests that schizophrenia and schizotypy share some
biological features, including a link to dopaminergic D2 receptor signaling. A polymorphism
in the D2 gene (DRD2 rs1076560, guanine > thymine (G > T)) has been associated
with the D2 short/long isoform expression ratio, as well as striatal dopamine signaling
and prefrontal cortical activity during different cognitive operations, which are measures
that are altered in patients with schizophrenia. Our aim is to determine the association
of schizotypy scores with the DRD2 rs1076560 genotype in healthy individuals and
their interaction with prefrontal activity during attention and D2 striatal signaling. A
total of 83 healthy subjects were genotyped for DRD2 rs1076560 and completed the
Schizotypal Personality Questionnaire (SPQ). Twenty-six participants underwent SPECT
with [123I]IBZM D2 receptor radiotracer, while 68 performed an attentional control task
during fMRI. We found that rs1076560 GT subjects had greater SPQ scores than GG
individuals. Moreover, the interaction between schizotypy and the GT genotype predicted
prefrontal activity and related attentional behavior, as well as striatal binding of IBZM. No
interaction was found in GG individuals. These results suggest that rs1076560 GT healthy
individuals are prone to higher levels of schizotypy, and that the interaction between
rs1076560 and schizotypy scores modulates phenotypes related to the pathophysiology
of schizophrenia, such as prefrontal activity and striatal dopamine signaling. These results
provide systems-level qualitative evidence for mapping the construct of schizotypy in
healthy individuals onto the schizophrenia continuum.
Keywords: schizotypy, dopamine, DRD2, fMRI, SPECT
INTRODUCTION
Schizophrenia is strongly heritable. The risk for schizophrenia
can be represented by a continuous Gaussian distribution in the
general population (Plomin, 1999) with an arbitrary threshold to
distinguish patients and healthy individuals (DSM-V diagnostic
criteria) (Bhati, 2013). In light of this, people falling within this
distribution and below the threshold still have some theoretical
risk for the disease but do not manifest it. A corollary of this
perspective is that individuals below the diagnostic threshold also
share some of the genetic risk for the disorder (Plomin, 1999).
“Schizotypy” is a latent organization of personality including
both positive and negative attenuated symptoms of schizophrenia
(Meehl, 1989). Higher rates of schizotypal traits have been found
in first-degree relatives of patients with schizophrenia compared
with healthy subjects, suggesting that schizotypy is related to a
genetic risk for the disorder (Kety et al., 1994; Kendler et al.,
1995; Tsuang et al., 1999; Vollema et al., 2002; Ettinger et al.,
2014). Nonetheless, variable schizotypy has been found in non-
psychiatric individuals (Chen et al., 1997; Croft et al., 2001;
Fonseca-Pedrero et al., 2007, 2008, 2009, 2011; Aguirre et al.,
2008; Kwapil et al., 2008; Noguchi et al., 2008; Wilson et al.,
2008; Bedwell et al., 2009), suggesting that this trait may be
studied in healthy subjects without the confounds and limitations
commonly found in patients.
Schizotypy has been correlated with neurocognitive, behav-
ioral, and social deficits, which are qualitatively similar to those
found in patients with schizophrenia but quantitatively less severe
(Croft et al., 2001; Noguchi et al., 2008; Wilson et al., 2008;
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Bedwell et al., 2009; Giakoumaki, 2012). For example, deficits
in cognitive flexibility, working memory, and prepulse inhibition
have been consistently reported in healthy subjects with high
schizotypy (Giakoumaki, 2012). These findings suggest that risk
for schizophrenia, schizotypy, and cognitive abnormalities may be
interconnected. Indeed, previous studies have demonstrated that
dopamine and D2 receptor are implicated both in schizotypy and
risk for schizophrenia, as well as in schizophrenia-related pheno-
types, including attentional deficits and associated brain physiol-
ogy (Zhang et al., 2007; Delawalla et al., 2008; Blasi et al., 2010).
In this context, consistent evidence suggests abnormal dopamine
signaling in the striatal regions (Abi-Dargham et al., 1998, 2000)
particularly in the putamen (Soret et al., 2003; Scherfler et al.,
2005; Kegeles et al., 2010; Suridjan et al., 2013) of patients with
schizophrenia and of subjects at high risk for this brain disor-
der. Furthermore, striatal dopamine release positively correlated
with schizotypal personality traits in healthy subjects in a PET
study (Woodward et al., 2011). A recent single-photon emission
computed tomography (SPECT) investigation revealed that the
availability of striatal D2 receptors is associated with schizotypal
features in healthy volunteers (Chen et al., 2012). Finally, another
study in patients with schizotypal personality disorder (SPD)
indicated exaggerated dopamine release in the striatum following
d-amphetamine challenge (Abi-Dargham et al., 2004). However,
more investigation of the function of brain networks is needed to
map schizotypy in healthy individuals onto the Gaussian distri-
bution of schizophrenia risk.
Genetic risk for schizophrenia has been widely investigated in
a number of association studies, but there is still little evidence
confirming the association of the dopamine D2 receptor (DRD2)
gene with the disease (Allen et al., 2008). More recent data
from the Psychiatric Genomic Consortium seem to indicate a
strong association between DRD2 and schizophrenia in the largest
sample studied to date (Ripke et al. oral communication, World
Congress Psychiatric Genetics, Boston 2013). Moreover, some
of the strongest candidate genes for schizophrenia, including
ZNF804A, DISC1, and DTNBP1, have well-known biological
effects on D2 receptors or D2 signaling partners (Marley and
von Zastrow, 2010; Girgenti et al., 2012; Papaleo et al., 2012).
Also, D2 receptors have consistently been implicated in the phar-
macodynamic mechanism of antipsychotic drugs (Carpenter and
Koenig, 2008), which are the only medications with established
effectiveness in schizophrenia (Carpenter and Koenig, 2008).
The DRD2 gene is transcribed into two main mRNA isoforms,
resulting in as many proteins: D2 short (S) and D2 long (L).
D2L receptors mainly mediate post-synaptic signaling, whereas
D2S receptors mainly serve as auto-receptors on pre-synaptic
neurons (Usiello et al., 2000). The intronic DRD2 polymorphism
rs1076560 (guanine > thymine (G> T)) is associated with mRNA
splicing (Zhang et al., 2007). More specifically, the minor (T)
allele is associated with a lower ratio of the expression between
D2S and D2L in the post-mortem prefrontal cortex and striatum,
as well as with altered activity of the striato-thalamic-prefrontal
pathway during tasks probing different brain functions (Zhang
et al., 2007; Bertolino et al., 2009a,b, 2010; Blasi et al., 2009, 2011).
More recently, we have demonstrated that the effect of this single
nucleotide polymorphism (SNP) on prefrontal cortical activity
during cognition may also be associated with indirect modulation
of dopamine D2 signaling via the striatum (Bertolino et al.,
2010). Importantly, the association between dopamine-related
genetic variation and brain function shows its impact on some
core phenotypes of schizophrenia, such as attentional processing
and related cingulate and prefrontal activity (Blasi et al., 2005,
2007, 2010, 2011; Delawalla et al., 2008; Weickert et al., 2009).
Altogether, this evidence strongly suggests a relationship between
D2 receptor genetic variability, attentional processes, and risk for
schizophrenia. Notably, schizotypy is also associated with deficits
in attention. In fact, two different studies have reported a cor-
relation between this trait and behavioral abnormalities during
attentional processing (Breeze et al., 2011; Giakoumaki, 2012).
However, to our knowledge, there has been no functional imaging
study investigating the relationship between schizotypy and brain
activity during attention, as well as its putative interaction with
the DRD2 gene.
Based on this evidence, we aim to:
1. Determine the association of schizotypy scores with DRD2
rs1076560 genotype in healthy individuals.
2. Investigate how schizotypy and the DRD2 rs1076560 genotype
interact on prefrontal activity during attention and D2 striatal
signaling in healthy subjects.
MATERIALS AND METHODS
SUBJECTS
A total of 83 healthy subjects were recruited in this study. All
participants were Caucasians from the region of Puglia, Italy.
Table 1 shows details about the demographics of the sample,
while Table 2 shows information about subjects that participated
in multiple experiments. All subjects were evaluated with the
Structured Clinical Interview for the Diagnostic and Statistical
Manual of Mental Disorders (First et al., 1996), 4th Edition,
to exclude any psychiatric disorder. Along with the absence of
psychiatric conditions, other exclusion criteria were represented
by a history of significant drug or alcohol abuse, active drug use
in the previous year, head trauma with loss of consciousness,
and any significant medical condition. The present experimental
protocol was approved by the local institutional review board
at the Policlinico of Bari, Bari, Italy. After giving the subjects a
thorough description of the study, written informed consent was
obtained. All subjects underwent one or more of the procedures
described below.
GENOTYPE DETERMINATION
Subjects were genotyped for DRD2 rs1076560 in our labora-
tory through a previously described allele-specific primer PCR
approach (Papp et al., 2003; Bertolino et al., 2009a, 2010;
Blasi et al., 2009, 2011; Fazio et al., 2011; Sambataro et al.,
2013). Briefly, a MiniOpticon 48-well Real Time PCR Sys-
tem (Biorad) was used for PCR amplification and subsequent
fluorescence melting curve analysis on a 25-uL volume of
PCR reaction. Primers with differential melting temperatures
(Tm) were obtained by introducing a random guanine-
cytosine (GC) segment at the 5’ end of one specific for-
ward primer. Specifically, the GC clamp was added to the
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Table 1 | Demographics of the subjects included in the study.
N Age∗ Sex HolloingShead∗ Handedness∗ QI∗ SPQ∗
Association of SPQ scores with rs1076560
GG 42 27.7 ± 5.8 20 m 33.2 ± 15 0.7 ± 0.5 107.9 ± 14.4 7.4 ± 4.9
GT 25 25.4 ± 5.5 6 m 35.3 ± 12.4 0.8 ± 0.2 103.6 ± 8.4 11.7 ± 7.7
fMRI
GG 55 27.2 ± 5.3 20 m 38.4 ± 17.3 0.74 ± 0.4 112.5 ± 12.4 7.98 ± 5.9
GT 13 22.9 ± 3 4 m 33.96 ± 15.6 0.63 ± 0.57 106.5 ± 12.9 7.92 ± 4.5
SPECT study
GG 17 23.6 ± 3.33 8 m 41.4 ± 17.5 0.68 ± 0.4 113.11 ± 15.4 9.7 ± 9.6
GT 9 23 ± 3.3 5 m 38.7 ± 9.8 0.8 ± 0.2 107 ± 16.6 6.1 ± 5.4
* mean ± SD.
Table 2 | Number of subjects that participated in multiple
experiments and genotype distribution.
Total subjects GG GT
number
Ex1.Association of SPQ scores
with rs1076560 67 42 25
Ex2.fMRI 68 55 13
Ex3.SPECT study 26 17 9
Ex1+Ex2 22 18 4
Ex1+Ex3 8 4 4
Ex2+Ex3 10 8 2
Ex1+Ex2+Ex3 3 3 0
primer of the product with the highest initial Tm in order to
obtain a difference of 4◦C or more between the two alleles
(G vs. T).
Forward and reverse primers were titrated over a range of
50–900 nM, and allele-specific reactions were analyzed with
individual forward and reverse primer sets. The amplification
conditions consisted of a 10-min preincubation at 95◦C (acti-
vation of the Taq DNA polymerase), followed by 40 cycles of
denaturation at 95◦C for 15 s, and then primer annealing and
extension for 1 min at 60◦C. The fluorescence melting curve
was analyzed immediately after the amplification phase. SYBR
Green® fluorescent dye was used to visualize DNA binding using
fluorescence melting curves. Consistent with the distribution
observed in earlier studies (Zhang et al., 2005), no DRD2 TT
subjects were observed in this sample. The allelic distribution of
DRD2 showed a Hardy Weinberg equilibrium (df = 1, χ2 = 0.58,
p = 0.48).
SCHIZOTYPAL PERSONALITY QUESTIONNAIRE
All subjects completed the Schizotypal Personality Question-
naire (SPQ; Raine, 1991, 2006). The SPQ is a 74-item validated
self-report questionnaire with a “yes/no” response format that
incorporates DSM-III-R criteria (American Psychiatric Associ-
ation, 1987) for the diagnosis of SPD. The questionnaire con-
sists of nine subscales, which have been found to correspond
to three factors: cognitive-perceptual, interpersonal, and disorga-
nized factors. SPQ total scores were used.
ASSOCIATION OF SPQ WITH DRD2 rs1076560
A one-way ANOVA with the SPQ total score as the dependent
variable and the DRD2 rs1076560 genotype as the predictor
was used to test for the association of schizotypy and genetic
variability with rs1076560.
ASSOCIATION OF SPQ AND DRD2 rs1076560 WITH IMAGING
PHENOTYPES
SPECT
Twenty-six healthy subjects (17 GG, 9 GT) underwent SPECT
with [123I]IBZM radiotracer, which binds to D2 receptors (Kung
et al., 1990). Each individual was intravenously injected with
an average of 150 MBq (range: 111–186 MBq) of commercially
available IBZM radiotracer (GE Healthcare, USA) (Meyer et al.,
2008). Potassium iodide solution (Lugol) was administered at
least 3 h before and 12 h after radiopharmaceutical injection to
block the thyroid uptake of free radioactive iodide. Images were
acquired 1.5 h after IBZM injection (Brücke et al., 1991). A dual-
head gamma camera (Infinia, GE Healthcare, USA) equipped
with parallel-hole low-energy high-resolution collimators was
used. SPECT data were acquired using the following parameters:
128 × 128 matrix, a rotation of 360◦, 6◦ view angle, 45 s for
projection. The slice thickness was 3.68 mm, the acquisition
time was 22 min, and total brain counts of >1 million were
achieved in all examinations. Reconstruction was performed by
a filtered back projection with a Butterworth filter (cut-off fre-
quency: 0.3 cycle/cm, 10th order) to provide transaxial slices.
The attenuation correction was performed according to Chang’s
method (attenuation coefficient: 0.12 cm−1) after manually draw-
ing an ellipse around the head contour (Tatsch et al., 2002).
The system’s spatial resolution (full width at half-maximum)
at a radius of rotation of 15.9 cm was 11 mm, as reported
elsewhere (Soret et al., 2003). For the analysis of the striatal radio-
tracer uptake, slices were reoriented parallel to the canthomeatal
line.
SPECT data processing
The irreversible binding characteristics and the uptake stabil-
ity of the regional IBZM radiotracer for the D2 receptor have
been shown to allow for the estimation of the specific-to-
nondisplaceable equilibrium partition coefficient (V3′′), which is
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proportional to the free transporter or receptor density (Bmax)
(Laruelle et al., 1994; Frankle et al., 2004). V3′′ can be calculated
as indicated earlier (Laruelle et al., 1994; Scherfler et al., 2005).
Under equilibrium conditions between a compartment with spe-
cific binding and a compartment representing nonspecifically
bound and free activity, V3′′ is proportional to Bmax given that
the dissociation constant and the volume of distribution of the
nonspecifically bound and free activity compartment (V2) are
relatively invariant. The occipital region was selected as the back-
ground region because (1) the density of dopamine D2 receptors
is negligible compared with the striatum (Lidow et al., 1989);
(2) this region can be identified with greater reliability than the
cerebellum (Laruelle et al., 1996); and (3) in humans, IBZM
activity in the occipital region is equal to the nonspecific activity
in the striatum (Seibyl et al., 1992).
Therefore, as in earlier studies (Verhoeff et al., 1993; Laruelle
et al., 1996; Beukers et al., 2009), the occipital region was used to
model the nonspecifically bound and free activity compartment.
V3′′ was calculated in all voxels with the formula reported below
as in previous studies (Scherfler et al., 2005; Bertolino et al., 2010):
V3" =[(counts per minute/voxel)VT − (counts per minute/
voxel)V2
]/
(counts per minute/voxel)V2
where VT represents specific binding, and V2 is the nonspecif-
ically bound and free activity compartment. The image trans-
formation, the calculation of V3′′, and the statistical analysis
were performed using SPM8 (Wellcome Department of Cognitive
Neurology, London, UK). V2 was calculated with the ROI of
the occipital lobe from WFU PickAtlas software version 1.04
(Functional MRI Laboratory at the Wake Forest University School
of Medicine),1 (Lancaster et al., 2000; Tzourio-Mazoyer et al.,
2002; Maldjian et al., 2003).
Since the parametric images of IBZM V3′′ lack anatomical
detail, an indirect approach was employed for the spatial nor-
malization, as detailed in previous studies (Rakshi et al., 1999;
Scherfler et al., 2005). Briefly, the raw IBZM SPECT data of
each subject were normalized on the SPECT template in MNI
(Montreal Neurological Institute) space (Scherfler et al., 2005)
with a 12-parameter affine transformation of the raw data onto
the template image followed by the estimation of the nonlinear
deformations between the applied images. A mean image of
previously normalized raw data acquisitions was then computed
and used as a template image. For each individual SPECT acqui-
sition, a parametric V3′′ image was calculated. The raw data
image was transformed into the template image, and the resulting
transformation parameters were then applied to the parametric
V3′′ image of the corresponding subject. The spatially normalized
parametric images were convolved with a Gaussian kernel (6 × 6
× 6 mm) for smoothing.
Group analysis was performed using a general linear model
with the V3′′ binding of IBZM as the dependent variable, the
DRD2 genotype as a categorical predictor, and SPQ scores as a
continuous predictor. Separate contrasts were thus performed to
detect the directionality of the correlations (i.e., positive or nega-
tive) associated with psychometric schizotypy for each genotype
1http://fmri.wfubmc.edu/cms/software#PickAtlas
group. We used a statistical threshold of p < 0.05 with the
family-wise error small-volume corrected (Genovese et al., 2002)
using the whole putamen ROI followed by a voxel-based analysis.
Regions of interest were created using WFU PickAtlas software
version 1.04.1 The results are significant after correction for the
total number of voxel-wise comparisons.
fMRI
Sixty-eight healthy subjects (55 GG and 13 GT) underwent fMRI
while performing the variable attentional control (VAC) task,
which elicits increasing demand for attentional control and was
identical to the one published in previous studies (Blasi et al.,
2005, 2007, 2010, 2011, 2013a,b; Zhang et al., 2007). The VAC
task allows for the investigation of brain activity during three
levels of attentional control (low, intermediate, high), which
were obtained while manipulating both the relative directions of
arrows with different sizes and related cue words.
Each stimulus of the VAC task was composed of arrows of three
different sizes pointing either to the right or to the left, and small
arrows were embedded in medium-sized arrows that were in turn
embedded in a large arrow. Subjects were instructed by a cue word
(big, medium, or small) displayed above each stimulus to press a
button corresponding to the direction of the large, medium, or
small arrows (right or left). To increase the level of attentional
control required, the direction of the arrows was congruent or
incongruent for all three sizes. This resulted in the following
conditions:
• Low level of attentional control. All three sizes of arrows were
congruent in direction with each other. The cue was the word
BIG.
• Intermediate level of attentional control. Two types of stimuli
were used, and the big arrow was incongruent in direction to
the small and medium arrows in both: the cue was BIG in one
of them and SMALL in the other.
• High level of attentional control. Two types of stimuli were
used, and the medium-sized arrows were incongruent in direc-
tion to the big and small arrows in both: the cue was SMALL in
one of them, MEDIUM in the other.
• A simple bold arrow pointing either to the left or to right was
used as a sensorimotor control condition.
Subjects were instructed to respond to the task stimuli with the
right hand using a button box (with a right button for the “right”
response and a left button for the “left” response) and to press the
response button as fast and as accurately as possible. Furthermore,
they were asked to move their thumb onto a small plastic knob
placed between buttons after each response. All subjects were
trained on the task before the fMRI session. Each stimulus was
presented for 800 ms, and the order of the stimuli was randomly
distributed throughout the session. The total number of stimuli
was 241: 50 HIGH (25 stimuli of each of the two stimulus types
that subtended this level of attentional control), 68 INT (34
stimuli of each of the two stimulus types that subtended this
level of attentional control), 57 LOW, and 66 simple bold arrows
(sensorimotor control condition). The total duration of the task
was 10 min and 8 s. A fixation cross-hair was presented during
the inter-stimulus interval, which ranged from 2,000 to 6000
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ms. Stimuli were presented using a back-projection system, and
responses were recorded through a fiber-optic response box that
allowed the accuracy and reaction time to be measured for each
trial. In order to maximize the detection of the effects of interest,
focus was centered on the analysis of the high level of attentional
control elicited by the VAC task.
fMRI data acquisition
Blood oxygen level-dependent (BOLD) fMRI was performed on a
GE Signa 3T scanner (General Electric, Milwaukee, WI) equipped
with a standard quadrature head coil. A gradient-echo planar
imaging sequence (repetition time: 2000 ms; echo time: 28 ms;
26 interleaved axial slices; thickness: 4 mm; gap: 1 mm; voxel size:
3.75 isotropic; scan repetition: 300; flip angle: 90◦; field of view:
24 cm; matrix: 64× 64) was used to acquire images while subjects
performed the VAC task. The first four scans were discarded to
allow for signal saturation. Images for each subject were realigned,
spatially normalized into the MNI template (12-parameter affine
model), and spatially smoothed (10-mm Gaussian filter). After
realignment, datasets were also checked for small-motion correc-
tion (<2 mm in translation,<1.5◦ in rotation).
fMRI data processing
fMRI responses were modeled using a canonical hemodynamic
response function and temporally filtered using a 128-Hz high-
pass filter and an hrf-shape low-pass filter. Vectors were created
for each condition using the timing of the correct responses.
To account for differences in head movement between groups,
residual movement was also modeled as a regressor of no inter-
est. A t-statistic was then used to produce a statistical image
for BOLD responses relative to the brain processing of stimuli
for each level of attentional control (HIGH, INT, and LOW).
Group analysis was performed using a general linear model
with BOLD response at the high level of attentional control
(HIGH) as the dependent variable in order to maximize the
effects of interest. The DRD2 rs1076560 genotype was used
as the categorical predictor and SPQ scores as the continuous
predictor. Separate contrasts were thus performed to detect the
directionality of the correlations (i.e., positive or negative) asso-
ciated with SPQ scores for each DRD2 genotype. We used a
statistical threshold of p < 0.05 which was family-wise error
small-volume corrected using regions of interest and created
using WFU PickAtlas software version 1.04.1 The dorso-lateral
pre-frontal cortex (DLPFC; BA9/46) and the anterior cingulate
cortex (BA24/32), which are crucially associated with atten-
tional control and are modulated by dopamine signaling (Blasi
et al., 2007, 2010, 2011), were considered as regions of interest.
Brodmann’s areas were assigned to activated clusters using the
Talairach Daemon.2 All coordinates are reported in the MNI
system.
ANALYSIS OF BEHAVIORAL DATA
Multiple regression was performed to investigate the behavioral
performance on the VAC. In particular, accuracy or reaction time
at the high level of attentional control (HIGH) was used as the
2http://www.talairach.org/daemon.html
dependent variables, DRD2 rs1076560 was used as the categorical
predictor, and SPQ scores were the continuous predictor.
RESULTS
SPQ AND DRD2 rs1076560
Genotype groups were matched for age (F = 1.4, p = 0.3), IQ
(F = 0.37, p = 0.5), handedness (F = 1.82, p = 0.2), and gender
(χ2 = 3.6, p = 0.1). The one-way ANOVA with the SPQ total score
as the dependent variable and the DRD2 rs1076560 genotype as
the predictor showed a main effect of the genotype on SPQ scores
(F1,65 = 7.5, p = 0.008), with GT individuals having greater scores
than GG subjects.
SPQ, DRD2 rs1076560 AND IBZM BINDING
SPM multiple regression analysis was performed to investigate
the association of IBZM binding in healthy individuals with
SPQ scores per se and as a function of rs1076560 genotype.
Genotype groups were matched for age (F = 0.2, p = 0.7),
IQ (F = 0.75, p = 0.4), handedness (F = 1.3, p = 0.3), and
gender (χ2 = 0.17, p = 0.7). SPM multiple regression anal-
ysis between IBZM binding as the dependent variable, the
DRD2 rs1076560 genotype as the categorical predictor, and
the SPQ score as the continuous predictor indicated an inter-
action between SPQ scores and genotype in the right puta-
men (x:30; y:−12; z:12; z = 4.67, p = 0.001) (Figure 1A).
In particular, a positive regression between IBZM binding and
SPQ scores was present in GT individuals (z = 4.81, p =
0.001), while there was no significant correlation in GG subjects
(Figure 1B).
SPQ, DRD2 rs1076560 AND BRAIN ACTIVITY DURING ATTENTIONAL
CONTROL
Genotype groups were matched for age (F = 3.3, p = 0.1),
IQ (F = 0.5, p = 0.5), handedness (F = 0.4, p = 0.5) and
gender (χ2 = 0.14, p = 0.7). SPM multiple regression analy-
sis was performed to investigate if brain activity during atten-
tional control in healthy individuals was predicted by SPQ scores
per se and as a function of rs1076560 genotype. This analysis
indicated an interaction between SPQ scores and rs1076560 on
DLPFC activity (x:−44, y:27, z:40; z = 3.4, p = 0.028; BA9)
(Figure 2A). In particular, a negative regression between dor-
solateral prefrontal activity during the high load of attentional
control elicited by the VAC task and SPQ scores was present in
GT subjects (z = 3.80, p = 0.009), while there was no significant
correlation in GG individuals (Figure 2B). No other significant
results were observed in different ROIs such as BA46, BA32 and
BA24.
SPQ, DRD2 rs1076560 AND BEHAVIORAL PERFORMANCE ON THE VAC
There was a main effect of rs1076560 (F = 4.3, p = 0.04), no main
effect of SPQ (F = 0.4, p = 0.5), and a statistical trend for an
interaction between rs1076560 and SPQ (F = 3.5, p = 0.06) on
accuracy with a high load of the VAC task. Furthermore, there
was a trend toward significance of the entire model (multiple
R = 0.3, multiple R2 = 0.08, adjusted R2 = 0.04, F = 1.98,
p = 0.1). In particular, a negative relationship between behav-
ioral performance in terms of accuracy at high load of the
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FIGURE 1 | (A) Axial section of the brain showing the interaction between rs1076560 and SPQ scores on IBZM binding V3′′ in the right putamen. (B) IBZM
binding V3′′ extracted from the right putamen cluster illustrated in (A).
FIGURE 2 | (A) Rendered image of the brain showing the interaction between rs1076560 and SPQ scores on fMRI response during attentional control in left
BA9 (x:−44, y :27, z:40). (B) Parameter estimates extracted from the cluster in BA9 cluster illustrated in (A).
VAC task and SPQ scores was present in GT subjects, while
this relationship was not present in GG individuals (Figure 3).
We did not find a main effect of rs1076560 and SPQ or
their interaction on the VAC task high-load reaction time (All
F < 0.6, p > 0.4). Also, a regression model with rs1076560
and SPQ as regressors and high-load reaction time as the
dependent variable did not show any effect as a whole (multiple
R = 0.12, multiple R2 = 0.013, adjusted R2 = −0.03, F = 0.29,
p = 0.8).
DISCUSSION
We investigated whether schizotypy is related to genetic vari-
ation within the DRD2 gene and whether they interact on a
series of phenotypes implicated in schizophrenia. We found
that DRD2 rs1076560 is associated with SPQ scores in healthy
subjects. Furthermore, we report an interaction between SPQ
scores and the rs1076560 genotype on striatal IBZM bind-
ing. This interaction is also present on prefrontal activity
during attentional processing. Interaction between SPQ scores
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FIGURE 3 | Scatterplot showing the relationship between rs1076560,
SPQ scores, and % accuracy in the VAC task. See text for statistics.
and genotype is coherently evident on attentional performance
at the behavioral level, but it does not reach full statistical
significance.
Previous studies have found higher measures of schizotypy
in first-degree relatives of patients with schizophrenia compared
with healthy subjects (Kety et al., 1994; Kendler et al., 1995;
Tsuang et al., 1999; Vollema et al., 2002), suggesting that this
trait is related to risk for this disorder. Our findings indicate
that rs1076560 GT subjects have greater SPQ scores than GG
individuals and are in line with previous reports suggesting
that the T allele increases risk for several biological pheno-
types associated with schizophrenia, including inefficient cortical
and subcortical responses during cognitive processing (Zhang
et al., 2007; Bertolino et al., 2010; Blasi et al., 2011), as well as
low “pre-” and “post-” synaptic D2 receptor availability, possibly
reflecting greater levels of striatal dopamine signaling (Bertolino
et al., 2010).
Previous radiotracer imaging studies indicated that the steady-
state and stimulus-induced release of dopamine in the striatum
and D2 binding are associated with schizotypy (Abi-Dargham
et al., 2004; Soliman et al., 2008; Woodward et al., 2011; Chen
et al., 2012). Consistently, we report an interaction between SPQ
scores and the rs1076560 genotype on striatal IBZM binding.
Our results demonstrate that only GT subjects show a positive
correlation between IBZM binding in the right putamen and
SPQ scores. Such a correlation was not found in GG indi-
viduals. Even though the specificity of IBZM binding for the
two D2 isoforms is still uncertain, IBZM is believed to bind
post-synaptic D2 receptors (Kung et al., 1990; Nyberg et al.,
2009). Therefore, our results suggest that individuals carrying
the T allele with greater schizotypy scores have a greater post-
synaptic D2 receptor density. Notably, the T allele group is
also associated with a lower ratio of expression between D2S
and D2L. Together with previous evidence indicating that the
T allele of rs1076560 is a risk factor for phenotypes associ-
ated with schizophrenia (Zhang et al., 2007; Bertolino et al.,
2009a,b, 2010; Blasi et al., 2009, 2011; Fazio et al., 2011), this
knowledge suggests that schizotypy in healthy subjects may
be mapped onto the Gaussian distribution of schizophrenia
risk.
Previous studies have demonstrated that higher-order cogni-
tion and related prefrontal activity are strongly modulated by cor-
tical and subcortical dopamine D2 signaling and related genetic
variation (Zhang et al., 2007; Tan et al., 2008; Bertolino et al.,
2009a). Our fMRI results are consistent with these findings and
provide further evidence that DRD2 functional variation interacts
with schizotypy in modulating the attention-related prefrontal
response. In particular, we found a negative correlation between
behavioral performance, prefrontal activity during attentional
processing, and SPQ scores only in GT individuals. In other
words, higher schizotypy scores in this subgroup of individuals
are related to lower prefrontal activity during attentional con-
trol. Similar results were found when looking at the interaction
between SPQ scores and the rs1076560 genotype on behavioral
accuracy in the VAC task. There was a statistical trend suggesting
that higher SPQ scores predict lower accuracy in the task in
GT individuals only. The fact that this finding does not reach
statistical significance is consistent with the greater biological gap
between gene effects and behavior compared with physiological
responses, thus requiring greater sample sizes to detect significant
effects.
Altogether, these fMRI and behavioral results add evidence
to the relevance of the interaction between this construct of
personality and genetic variation in DRD2 in modulating brain
physiology during attentional processes. Additionally, they are
again consistent with the relationship between schizotypy in
healthy subjects and the schizophrenia continuum. Consistently,
previous studies have indicated that patients with schizophre-
nia have abnormal prefrontal activity and worse behavioral
performance during attentional processing (Weiss et al., 2003;
Honey et al., 2005; Kerns et al., 2005; Laurens et al., 2005;
MacDonald et al., 2005; Gur et al., 2007). Furthermore, evi-
dence of abnormal prefrontal activity has been reported during
cognitive processing in patients with schizophrenia carrying the
rs1076560 T allele (Bertolino et al., 2009a,b, 2010; Blasi et al.,
2010).
A limitation of this study is that the sample used for fMRI,
SPECT, and SPQ investigations do not overlap. Another limita-
tion is that we investigated the scores of schizotypy in healthy
subjects, thus leaving the relationship between schizophrenia as
a diagnostic category and the present findings an open question.
However, our results are consistent overall in indicating the rele-
vance of the interaction between schizotypy and rs1076560 for the
phenotypes measured in the present study.
In conclusion, we have provided evidence for a modula-
tion of imaging phenotypes of relevance to schizophrenia by
the interaction between complex personality traits and simple
genetic variations. These findings open new scenarios for the
study of sub-threshold correlates adding risk for this brain
disorder.
Frontiers in Behavioral Neuroscience www.frontiersin.org July 2014 | Volume 8 | Article 235 | 7
Taurisano et al. Prefronto-striatal physiology, schizotypy and DRD2
ACKNOWLEDGMENTS
We would like to acknowledge Rosa Vitale and Riccarda
Lomuscio, for help with data acquisition and design of the
experiment.
REFERENCES
Abi-Dargham, A., Gil, R., Krystal, J., Baldwin, R. M., Seibyl, J. P., Bowers, M., et al.
(1998). Increased striatal dopamine transmission in schizophrenia: confirma-
tion in a second cohort. Am. J. Psychiatry 155, 761–767.
Abi-Dargham, A., Kegeles, L. S., Zea-Ponce, Y., Mawlawi, O., Martinez, D.,
Mitropoulou, V., et al. (2004). Striatal amphetamine-induced dopamine release
in patients with schizotypal personality disorder studied with single photon
emission computed tomography and [123I]iodobenzamide. Biol. Psychiatry 55,
1001–1006. doi: 10.1016/j.biopsych.2004.01.018
Abi-Dargham, A., Rodenhiser, J., Printz, D., Zea-Ponce, Y., Gil, R., Kegeles, L. S.,
et al. (2000). Increased baseline occupancy of D2 receptors by dopamine in
schizophrenia. Proc. Natl. Acad. Sci. U S A 97, 8104–8109. doi: 10.1073/pnas.
97.14.8104
Aguirre, F., Sergi, M. J., and Levy, C. A. (2008). Emotional intelligence and social
functioning in persons with schizotypy. Schizophr. Res. 104, 255–264. doi: 10.
1016/j.schres.2008.05.007
Allen, N. C., Bagade, S., Mcqueen, M. B., Ioannidis, J. P., Kavvoura, F. K., Khoury,
M. J., et al. (2008). Systematic meta-analyses and field synopsis of genetic
association studies in schizophrenia: the SzGene database. Nat. Genet. 40, 827–
834. doi: 10.1038/ng.171
American Psychiatric Association (1987). DSM-Hl-R: Diagnostic and Statistical
Manual of Mental Disorders. 3rd Edn., revised. Washington, DC: American
Psychiatric Association.
Bedwell, J. S., Kamath, V., and Compton, M. T. (2009). The relationship between
interview-based schizotypal personality dimension scores and the continuous
performance test. Schizophr. Res. 108, 158–162. doi: 10.1016/j.schres.2008.
11.020
Bertolino, A., Fazio, L., Caforio, G., Blasi, G., Rampino, A., Romano, R., et al.
(2009a). Functional variants of the dopamine receptor D2 gene modulate
prefronto-striatal phenotypes in schizophrenia. Brain 132, 417–425. doi: 10.
1093/brain/awn248
Bertolino, A., Fazio, L., Di Giorgio, A., Blasi, G., Romano, R., Taurisano, P., et al.
(2009b). Genetically determined interaction between the dopamine transporter
and the D2 receptor on prefronto-striatal activity and volume in humans.
J. Neurosci. 29, 1224–1234. doi: 10.1523/JNEUROSCI.4858-08.2009
Bertolino, A., Taurisano, P., Pisciotta, N. M., Blasi, G., Fazio, L., Romano, R.,
et al. (2010). Genetically determined measures of striatal D2 signaling predict
prefrontal activity during working memory performance. PLoS One 5:e9348.
doi: 10.1371/journal.pone.0009348
Beukers, R. J., Booij, J., Weisscher, N., Zijlstra, F., van Amelsvoort, T. A., and Tijssen,
M. A. (2009). Reduced striatal D2 receptor binding in myoclonus-dystonia. Eur.
J. Nucl. Med. Mol. Imaging 36, 269–274. doi: 10.1007/s00259-008-0924-9
Bhati, M. T. (2013). Defining psychosis: the evolution of DSM-5 schizophrenia
spectrum disorders. Curr. Psychiatry Rep. 15:409. doi: 10.1007/s11920-013-
0409-9
Blasi, G., De Virgilio, C., Papazacharias, A., Taurisano, P., Gelao, B., Fazio, L., et al.
(2013a). Converging evidence for the association of functional genetic variation
in the serotonin receptor 2a gene with prefrontal function and olanzapine
treatment. JAMA Psychiatry 70, 921–930. doi: 10.1001/jamapsychiatry.2013.
1378
Blasi, G., Goldberg, T. E., Elvevag, B., Rasetti, R., Bertolino, A., Cohen, J., et al.
(2007). Differentiating allocation of resources and conflict detection within
attentional control processing. Eur. J. Neurosci. 25, 594–602. doi: 10.1111/j.1460-
9568.2007.05283.x
Blasi, G., Lo Bianco, L., Taurisano, P., Gelao, B., Romano, R., Fazio, L., et al.
(2009). Functional variation of the dopamine D2 receptor gene is associated
with emotional control as well as brain activity and connectivity during emotion
processing in humans. J. Neurosci. 29, 14812–14819. doi: 10.1523/JNEUROSCI.
3609-09.2009
Blasi, G., Mattay, V. S., Bertolino, A., Elvevag, B., Callicott, J. H., Das, S.,
et al. (2005). Effect of catechol-O-methyltransferase val158met genotype on
attentional control. J. Neurosci. 25, 5038–5045. doi: 10.1523/JNEUROSCI.0476-
05.2005
Blasi, G., Napolitano, F., Ursini, G., Di Giorgio, A., Caforio, G., Taurisano, P., et al.
(2013b). Association of GSK-3beta genetic variation with GSK-3beta expres-
sion, prefrontal cortical thickness, prefrontal physiology and schizophrenia. Am.
J. Psychiatry 170, 868–876. doi: 10.1176/appi.ajp.2012.12070908
Blasi, G., Napolitano, F., Ursini, G., Taurisano, P., Romano, R., Caforio, G.,
et al. (2011). DRD2/AKT1 interaction on D2 c-AMP independent signaling,
attentional processing and response to olanzapine treatment in schizophrenia.
Proc. Natl. Acad. Sci. U S A 108, 1158–1163. doi: 10.1073/pnas.1013535108
Blasi, G., Taurisano, P., Papazacharias, A., Caforio, G., Romano, R., Lobianco, L.,
et al. (2010). Nonlinear response of the anterior cingulate and prefrontal cortex
in schizophrenia as a function of variable attentional control. Cereb. Cortex 20,
837–845. doi: 10.1093/cercor/bhp146
Breeze, J. M., Kirkham, A. J., and Mari-Beffa, P. (2011). Evidence of reduced
selective attention in schizotypal personality disorder. J. Clin. Exp. Neuropsychol.
33, 776–784. doi: 10.1080/13803395.2011.558495
Brücke, T., Podreka, I., Angelberger, P., Wenger, S., Topitz, A., Kufferle, B., et al.
(1991). Dopamine D2 receptor imaging with SPECT: studies in different
neuropsychiatric disorders. J. Cereb. Blood Flow Metab. 11, 220–228. doi: 10.
1038/jcbfm.1991.53
Carpenter, W. T., and Koenig, J. I. (2008). The evolution of drug development in
schizophrenia: past issues and future opportunities. Neuropsychopharmacology
33, 2061–2079. doi: 10.1038/sj.npp.1301639
Chen, K. C., Lee, I. H., Yeh, T. L., Chiu, N. T., Chen, P. S., Yang, Y. K.,
et al. (2012). Schizotypy trait and striatal dopamine receptors in healthy
volunteers. Psychiatry Res. 201, 218–221. doi: 10.1016/j.pscychresns.2011.
07.003
Chen, W. J., Hsiao, C. K., and Lin, C. C. (1997). Schizotypy in community samples:
the three-factor structure and correlation with sustained attention. J. Abnorm.
Psychol. 106, 649–654. doi: 10.1037/0021-843x.106.4.649
Croft, R. J., Lee, A., Bertolot, J., and Gruzelier, J. H. (2001). Associations of
P50 suppression and desensitization with perceptual and cognitive features
of “unreality” in schizotypy. Biol. Psychiatry 50, 441–446. doi: 10.1016/s0006-
3223(01)01082-4
Delawalla, Z., Csernansky, J. G., and Barch, D. M. (2008). Prefrontal cortex function
in nonpsychotic siblings of individuals with schizophrenia. Biol. Psychiatry 63,
490–497. doi: 10.1016/j.biopsych.2007.05.007
Ettinger, U., Meyhofer, I., Steffens, M., Wagner, M., and Koutsouleris, N. (2014).
Genetics, cognition and neurobiology of schizotypal personality: a review of
the overlap with schizophrenia. Front. Psychiatry 5:18. doi: 10.3389/fpsyt.2014.
00018
Fazio, L., Blasi, G., Taurisano, P., Papazacharias, A., Romano, R., Gelao, B., et al.
(2011). D2 receptor genotype and striatal dopamine signaling predict motor
cortical activity and behavior in humans. Neuroimage 54, 2915–2921. doi: 10.
1016/j.neuroimage.2010.11.034
First, M. B., Gibbon, M., Spitzer, R. L., and Williams, J. B. W. (1996). Guide for the
Structured Clinical Interview for DSM-IV Axis I Disorders-Research Version. New
York: Biometrics Research.
Fonseca-Pedrero, E., Lemos-Giraldez, S., Muniz, J., Garcia-Cueto, E., and
Campillo-Alvarez, A. (2008). Schizotypy in adolescence: the role of gen-
der and age. J. Nerv. Ment. Dis. 196, 161–165. doi: 10.1097/NMD.0b013e31
8162aa79
Fonseca-Pedrero, E., Muniz, J., Lemos Giraldez, S., Garcia-Cueto, E., and Campillo-
Alvarez, A. (2007). [Handedness, emotional problems and schizotypy].
Psicothema 19, 467–472.
Fonseca-Pedrero, E., Paino, M., Lemos-Giraldez, S., Sierra-Baigrie, S., and Muniz,
J. (2011). Measurement invariance of the schizotypal personality questionnaire-
brief across gender and age. Psychiatry Res. 190, 309–315. doi: 10.1016/j.
psychres.2011.05.021
Fonseca-Pedrero, E., Paino-Pineiro, M., Lemos-Giraldez, S., Villazon-Garcia, U.,
and Muniz, J. (2009). Validation of the schizotypal personality questionnaire-
brief form in adolescents. Schizophr. Res. 111, 53–60. doi: 10.1016/j.schres.2009.
03.006
Frankle, W. G., Gil, R., Hackett, E., Mawlawi, O., Zea-Ponce, Y., Zhu, Z., et al.
(2004). Occupancy of dopamine D2 receptors by the atypical antipsychotic
drugs risperidone and olanzapine: theoretical implications. Psychopharmacology
(Berl) 175, 473–480. doi: 10.1007/s00213-004-1852-4
Genovese, C. R., Lazar, N. A., and Nichols, T. (2002). Thresholding of statistical
maps in functional neuroimaging using the false discovery rate. Neuroimage 15,
870–878. doi: 10.1006/nimg.2001.1037
Frontiers in Behavioral Neuroscience www.frontiersin.org July 2014 | Volume 8 | Article 235 | 8
Taurisano et al. Prefronto-striatal physiology, schizotypy and DRD2
Giakoumaki, S. G. (2012). Cognitive and prepulse inhibition deficits in psy-
chometrically high schizotypal subjects in the general population: relevance
to schizophrenia research. J. Int. Neuropsychol. Soc. 18, 643–656. doi: 10.
1017/s135561771200029X
Girgenti, M. J., LoTurco, J. J., and Maher, B. J. (2012). ZNF804a regulates expression
of the schizophrenia-associated genes PRSS16, COMT, PDE4B and DRD2. PLoS
One 7:e32404. doi: 10.1371/journal.pone.0032404
Gur, R. E., Turetsky, B. I., Loughead, J., Snyder, W., Kohler, C., Elliott, M., et al.
(2007). Visual attention circuitry in schizophrenia investigated with oddball
event-related functional magnetic resonance imaging. Am. J. Psychiatry 164,
442–449. doi: 10.1176/appi.ajp.164.3.442
Honey, G. D., Pomarol-Clotet, E., Corlett, P. R., Honey, R. A., Mckenna, P. J.,
Bullmore, E. T., et al. (2005). Functional dysconnectivity in schizophrenia
associated with attentional modulation of motor function. Brain 128, 2597–
2611. doi: 10.1093/brain/awh632
Kegeles, L. S., Abi-Dargham, A., Frankle, W. G., Gil, R., Cooper, T. B., Slifstein,
M., et al. (2010). Increased synaptic dopamine function in associative regions
of the striatum in schizophrenia. Arch. Gen. Psychiatry 67, 231–239. doi: 10.
1001/archgenpsychiatry.2010.10
Kendler, K. S., Mcguire, M., Gruenberg, A. M., and Walsh, D. (1995). Schizotypal
symptoms and signs in the roscommon family study. Their factor structure and
familial relationship with psychotic and affective disorders. Arch. Gen. Psychiatry
52, 296–303. doi: 10.1001/archpsyc.1995.03950160046009
Kerns, J. G., Cohen, J. D., Macdonald, A. W. 3rd, Johnson, M. K., Stenger, V. A.,
Aizenstein, H., et al. (2005). Decreased conflict- and error-related activity in the
anterior cingulate cortex in subjects with schizophrenia. Am. J. Psychiatry 162,
1833–1839. doi: 10.1176/appi.ajp.162.10.1833
Kety, S. S., Wender, P. H., Jacobsen, B., Ingraham, L. J., Jansson, L., Faber, B., et al.
(1994). Mental illness in the biological and adoptive relatives of schizophrenic
adoptees. Replication of the copenhagen study in the rest of Denmark. Arch.
Gen. Psychiatry 51, 442–455. doi: 10.1001/archpsyc.1994.03950060006001
Kung, H. F., Alavi, A., Chang, W., Kung, M. P., Keyes, J. W. Jr., Velchik, M. G., et al.
(1990). In vivo SPECT imaging of CNS D-2 dopamine receptors: initial studies
with iodine-123-IBZM in humans. J. Nucl. Med. 31, 573–579.
Kwapil, T. R., Barrantes-Vidal, N., and Silvia, P. J. (2008). The dimensional structure
of the Wisconsin schizotypy scales: factor identification and construct validity.
Schizophr. Bull. 34, 444–457. doi: 10.1093/schbul/sbm098
Lancaster, J. L., Woldorff, M. G., Parsons, L. M., Liotti, M., Freitas, C. S., Rainey,
L., et al. (2000). Automated Talairach atlas labels for functional brain mapping.
Hum. BrainMapp. 10, 120–131. doi: 10.1002/1097-0193(200007)10:3<120::aid-
hbm30>3.0.co;2-8
Laruelle, M., Abi-Dargham, A., van Dyck, C. H., Gil, R., D’Souza, C. D., Erdos,
J., et al. (1996). Single photon emission computerized tomography imaging of
amphetamine-induced dopamine release in drug-free schizophrenic subjects.
Proc. Natl. Acad. Sci. U S A 93, 9235–9240. doi: 10.1073/pnas.93.17.9235
Laruelle, M., Baldwin, R. M., and Innis, R. B. (1994). SPECT imaging of dopamine
and serotonin transporters in nonhuman primate brain.NIDARes.Monogr. 138,
131–159.
Laurens, K. R., Kiehl, K. A., Ngan, E. T., and Liddle, P. F. (2005). Attention
orienting dysfunction during salient novel stimulus processing in schizophrenia.
Schizophr. Res. 75, 159–171. doi: 10.1016/j.schres.2004.12.010
Lidow, M. S., Goldman-Rakic, P. S., Rakic, P., and Innis, R. B. (1989). Dopamine
D2 receptors in the cerebral cortex: distribution and pharmacological character-
ization with [3H]raclopride. Proc. Natl. Acad. Sci. U S A 86, 6412–6416. doi: 10.
1073/pnas.86.16.6412
MacDonald, A. W. 3rd, Carter, C. S., Kerns, J. G., Ursu, S., Barch, D. M., Holmes,
A. J., et al. (2005). Specificity of prefrontal dysfunction and context processing
deficits to schizophrenia in never-medicated patients with first-episode psy-
chosis. Am. J. Psychiatry 162, 475–484. doi: 10.1176/appi.ajp.162.3.475
Maldjian, J. A., Laurienti, P. J., Kraft, R. A., and Burdette, J. H. (2003). An automated
method for neuroanatomic and cytoarchitectonic atlas-based interrogation
of fMRI data sets. Neuroimage 19, 1233–1239. doi: 10.1016/s1053-8119(03)
00169-1
Marley, A., and von Zastrow, M. (2010). DISC1 regulates primary cilia that display
specific dopamine receptors. PLoS One 5:e10902. doi: 10.1371/journal.pone.
0010902
Meehl, P. E. (1989). Schizotaxia revisited. Arch. Gen. Psychiatry 46, 935–944. doi: 10.
1001/archpsyc.1989.01810100077015
Meyer, P. T., Sattler, B., Winz, O. H., Fundke, R., Oehlwein, C., Kendziorra,
K., et al. (2008). Kinetic analyses of [123I]IBZM SPECT for quantifica-
tion of striatal dopamine D2 receptor binding: a critical evaluation of the
single-scan approach.Neuroimage 42, 548–558. doi: 10.1016/j.neuroimage.2008.
05.023
Noguchi, H., Hori, H., and Kunugi, H. (2008). Schizotypal traits and cognitive
function in healthy adults. Psychiatry Res. 161, 162–169. doi: 10.1016/j.psychres.
2007.07.023
Nyberg, L., Andersson, M., Forsgren, L., Jakobsson-Mo, S., Larsson, A., Marklund,
P., et al. (2009). Striatal dopamine D2 binding is related to frontal BOLD
response during updating of long-term memory representations. Neuroimage
46, 1194–1199. doi: 10.1016/j.neuroimage.2009.03.035
Papaleo, F., Yang, F., Garcia, S., Chen, J., Lu, B., Crawley, J. N., et al. (2012).
Dysbindin-1 modulates prefrontal cortical activity and schizophrenia-like
behaviors via dopamine/D2 pathways. Mol. Psychiatry 17, 85–98. doi: 10.
1038/mp.2010.106
Papp, A. C., Pinsonneault, J. K., Cooke, G., and Sadee, W. (2003). Single nucleotide
polymorphism genotyping using allele-specific PCR and fluorescence melting
curves. BioTechniques 34, 1068–1072.
Plomin, R. (1999). Genetics and general cognitive ability. Nature 402, C25–C29.
doi: 10.1038/35011520
Raine, A. (1991). The SPQ: a scale for the assessment of schizotypal person-
ality based on DSM-III-R criteria. Schizophr. Bull. 17, 555–564. doi: 10.
1093/schbul/17.4.555
Raine, A. (2006). Schizotypal personality: neurodevelopmental and psychosocial
trajectories. Annu. Rev. Clin. Psychol. 2, 291–326. doi: 10.1146/annurev.clinpsy.
2.022305.095318
Rakshi, J. S., Uema, T., Ito, K., Bailey, D. L., Morrish, P. K., Ashburner, J., et al.
(1999). Frontal, midbrain and striatal dopaminergic function in early and
advanced Parkinson’s disease a 3D [(18)F]dopa-PET study. Brain 122(Pt. 9),
1637–1650. doi: 10.1093/brain/122.9.1637
Sambataro, F., Fazio, L., Taurisano, P., Gelao, B., Porcelli, A., Mancini, M., et al.
(2013). DRD2 genotype-based variation of default mode network activity and of
its relationship with striatal DAT binding. Schizophr. Bull. 39, 206–216. doi: 10.
1093/schbul/sbr128
Scherfler, C., Seppi, K., Donnemiller, E., Goebel, G., Brenneis, C., Virgolini,
I., et al. (2005). Voxel-wise analysis of [123I]beta-CIT SPECT differentiates
the Parkinson variant of multiple system atrophy from idiopathic Parkinson’s
disease. Brain 128, 1605–1612. doi: 10.1093/brain/awh485
Seibyl, J. P., Woods, S. W., Zoghbi, S. S., Baldwin, R. M., Dey, H. M., Goddard,
A. W., et al. (1992). Dynamic SPECT imaging of dopamine D2 receptors in
human subjects with iodine-123-IBZM. J. Nucl. Med. 33, 1964–1971.
Soliman, A., O’driscoll, G. A., Pruessner, J., Holahan, A. L., Boileau, I., Gagnon, D.,
et al. (2008). Stress-induced dopamine release in humans at risk of psychosis: a
[11C]raclopride PET study. Neuropsychopharmacology 33, 2033–2041. doi: 10.
1038/sj.npp.1301597
Soret, M., Koulibaly, P. M., Darcourt, J., Hapdey, S., and Buvat, I. (2003). Quantita-
tive accuracy of dopaminergic neurotransmission imaging with (123)I SPECT.
J. Nucl. Med. 44, 1184–1193.
Suridjan, I., Rusjan, P., Addington, J., Wilson, A. A., Houle, S., and Mizrahi,
R. (2013). Dopamine D2 and D3 binding in people at clinical high risk for
schizophrenia, antipsychotic-naive patients and healthy controls while per-
forming a cognitive task. J. Psychiatry Neurosci. 38, 98–106. doi: 10.1503/jpn.
110181
Tan, H. Y., Nicodemus, K. K., Chen, Q., Li, Z., Brooke, J. K., Honea, R., et al. (2008).
Genetic variation in AKT1 is linked to dopamine-associated prefrontal cortical
structure and function in humans. J. Clin. Invest. 118, 2200–2208. doi: 10.
1172/jci34725
Tatsch, K., Asenbaum, S., Bartenstein, P., Catafau, A., Halldin, C., Pilowsky, L. S.,
et al. (2002). European association of nuclear medicine procedure guidelines for
brain neurotransmission SPET using (123)I-labelled dopamine D(2) receptor
ligands. Eur. J. Nucl. Med. Mol. Imaging 29, BP23–BP29.
Tsuang, M. T., Stone, W. S., and Faraone, S. V. (1999). Schizophrenia: a review of
genetic studies. Harv. Rev. Psychiatry 7, 185–207. doi: 10.3109/hrp.7.4.185
Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N., et al. (2002). Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. Neuroimage 15, 273–289. doi: 10.1006/nimg.2001.0978
Frontiers in Behavioral Neuroscience www.frontiersin.org July 2014 | Volume 8 | Article 235 | 9
Taurisano et al. Prefronto-striatal physiology, schizotypy and DRD2
Usiello, A., Baik, J. H., Rouge-Pont, F., Picetti, R., Dierich, A., Lemeur, M., et al.
(2000). Distinct functions of the two isoforms of dopamine D2 receptors.Nature
408, 199–203. doi: 10.1038/35041572
Verhoeff, N. P., Kapucu, O., Sokole-Busemann, E., Van Royen, E. A., and Janssen,
A. G. (1993). Estimation of dopamine D2 receptor binding potential in the
striatum with iodine-123-IBZM SPECT: technical and interobserver variability.
J. Nucl. Med. 34, 2076–2084.
Vollema, M. G., Sitskoorn, M. M., Appels, M. C., and Kahn, R. S. (2002). Does
the schizotypal personality questionnaire reflect the biological-genetic vulnera-
bility to schizophrenia? Schizophr. Res. 54, 39–45. doi: 10.1016/s0920-9964(01)
00350-4
Weickert, T. W., Goldberg, T. E., Callicott, J. H., Chen, Q., Apud, J. A., Das, S.,
et al. (2009). Neural correlates of probabilistic category learning in patients
with schizophrenia. J. Neurosci. 29, 1244–1254. doi: 10.1523/jneurosci.4341-08.
2009
Weiss, E. M., Golaszewski, S., Mottaghy, F. M., Hofer, A., Hausmann, A., Kemmler,
G., et al. (2003). Brain activation patterns during a selective attention test-a
functional MRI study in healthy volunteers and patients with schizophrenia.
Psychiatry Res. 123, 1–15. doi: 10.1016/s0925-4927(03)00019-2
Wilson, C. M., Christensen, B. K., King, J. P., Li, Q., and Zelazo, P. D. (2008).
Decomposing perseverative errors among undergraduates scoring high on the
schizotypal personality questionnaire. Schizophr. Res. 106, 3–12. doi: 10.1016/j.
schres.2008.05.031
Woodward, N. D., Cowan, R. L., Park, S., Ansari, M. S., Baldwin, R. M., Li, R.,
et al. (2011). Correlation of individual differences in schizotypal personality
traits with amphetamine-induced dopamine release in striatal and extrastriatal
brain regions. Am. J. Psychiatry 168, 418–426. doi: 10.1176/appi.ajp.2010.
10020165
Zhang, Y., Bertolino, A., Fazio, L., Blasi, G., Rampino, A., Romano, R., et al. (2007).
Polymorphisms in human dopamine D2 receptor gene affect gene expression,
splicing and neuronal activity during working memory. Proc. Natl. Acad. Sci.
U S A 104, 20552–20557. doi: 10.1073/pnas.0707106104
Zhang, Y., Wang, D., Johnson, A. D., Papp, A. C., and Sadee, W. (2005).
Allelic expression imbalance of human mu opioid receptor (OPRM1) caused
by variant A118G. J. Biol. Chem. 280, 32618–32624. doi: 10.1074/jbc.m5049
42200
Conflict of Interest Statement: Prof. Alessandro Bertolino is a full time employee
of Hoffman-La Roche Ltd.
Received: 31 March 2014; accepted: 13 June 2014; published online: 09 July 2014.
Citation: Taurisano P, Romano R, Mancini M, Di Giorgio A, Antonucci LA, Fazio
L, Rampino A, Quarto T, Gelao B, Porcelli A, Papazacharias A, Ursini G, Caforio
G, Masellis R, Niccoli-Asabella A, Todarello O, Popolizio T, Rubini G, Blasi G
and Bertolino A (2014) Prefronto-striatal physiology is associated with schizotypy
and is modulated by a functional variant of DRD2. Front. Behav. Neurosci. 8:235.
doi: 10.3389/fnbeh.2014.00235
This article was submitted to the journal Frontiers in Behavioral Neuroscience.
Copyright © 2014 Taurisano, Romano, Mancini, Di Giorgio, Antonucci, Fazio,
Rampino, Quarto, Gelao, Porcelli, Papazacharias, Ursini, Caforio, Masellis, Niccoli-
Asabella, Todarello, Popolizio, Rubini, Blasi and Bertolino. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Behavioral Neuroscience www.frontiersin.org July 2014 | Volume 8 | Article 235 | 10
